Introduction-The Middle Longitudinal Fascicle (MdLF) is a long association fiber connecting the superior temporal gyrus (STG) and temporal pole with the angular gyrus through the white matter of the STG, structures which are known to play a crucial role in the pathology of schizophrenia. Functions of MdLF are thought to be related to language and thought processing in the left hemisphere, and with attention in the right hemisphere. While deficits of these functions are core clinical features of schizophrenia, no study has investigated structural abnormalities of MdLF in schizophrenia.
Introduction
Language dysfunction and disorganized symptoms have been thought to be among the core features of schizophrenia (McCarley et al., 1999) . Several white matter studies have focused on the arcuate fasciculus to explain the pathology of the language and thought dysfunctions in patients with schizophrenia (Hubl et al., 2004; Kubicki et al., 2005) .
A recent diffusion tensor imaging (DTI) study has reported another important languagerelated major white matter bundle, the middle longitudinal fascicle (MdLF). have firstly identified the MdLF in human brain as a long association fiber connecting the superior temporal gyrus (STG) and temporal pole with the inferior parietal lobule (specifically the angular gyrus (AG)) through the white matter of the STG . Recent DTI studies, however, have reported that MdLF connects not only STG and temporal pole with AG, but also the superior parietal lobule and occipital regions (Makris et al., 2012; Wang et al., 2012) .
Functions of the MdLF have yet to be definitively ascertained, but have been suggested to be related with language (Makris et al., 2012) , as well as high order auditory association, visuospatial attention (Makris et al., 2012) , audiovisual integration (Makris et al., 2012; Wang et al., 2012) and auditory spatial information (Wang et al., 2012) .
In previous neuroimaging studies of schizophrenia, STG and AG have been often reported to have structural and functional abnormalities compared to healthy control subjects (HC) (Anderson et al., 2002; Whitford et al., 2006) . These abnormalities have been also demonstrated to have strong associations with language-related dysfunctions and attention deficits. Namely, the more severe abnormalities in the STG and AG in the left hemisphere were related to the more severe disorganized symptoms (structural MRI (Anderson et al., 2002; Shenton et al., 1992) , SPECT (Liddle et al., 1992) ), and positive symptoms (structural MRI (Anderson et al., 2002) ), particularly delusions (review (Wible et al., 2009b) ) and auditory hallucinations (fMRI (Wible et al., 2001) ). Those in the right hemisphere showed relationships to attention deficits (structural MRI (Anderson et al., 2002) ) in patients with schizophrenia.
In human brain, the STG and AG are well-known as key components of the language system; the STG includes Wernicke's territory and the AG includes Geschwind's territory (Catani et al., 2005) . Functions of the left MdLF are therefore thought to be associated with language . Additionally, it is believed that when a person hears narrative words, Wernicke's area matches the sounds to their meaning, and special neurons in Geschwind's territory are thought to assist by combining the many different properties of words (e.g., sound, sight, and meaning) to achieve full comprehension (Carlson, 2003) . In contrast, when a person speaks, the process happens in reverse, that is, the correct words are found to match the thought that is to be expressed in Wernicke's area, and then the chosen words are sent to Broca's area via the arcuate fasciculus, or possibly via a more circuitous pathway through Geschwind's territory (Carlson, 2003; . Furthermore, it is considered that both the STG and AG have important roles for comprehension of narrative speech (Karunanayaka et al., 2007; Wilson et al., 2008) , verbal memory, and social cognition (Wible et al., 2009b ).
According to these previous studies, we decided to investigate the MdLF in patients with schizophrenia. To focus on language related dysfunctions, the subcomponent of the MdLF connecting the STG and temporal pole with AG was selected on purpose, following a description by ).
We speculate that white matter abnormalities would be found in bilateral MdLF in patients with chronic schizophrenia, and also hypothesized that the MdLF in the left hemisphere would be associated with disorganization, and positive symptoms, particularly delusions and hallucinations, and that the MdLF in the right would be associated with attention deficits.
Methods and Materials

Subjects
Twenty-six male patients with chronic schizophrenia and twenty-five male HC participated in the study. Participants' recruiting and detailed criteria were described in our previous report (Choi et al., 2011) . Groups were matched in age, handedness, parental socioeconomic status and premorbid IQ derived from the Wide Range Achievement Test-3 reading scores (Wilkinson, 1993) . Clinical symptoms were estimated using the Positive and Negative Symptom Scale (PANSS) (Kay et al., 1987) . Twenty-nine out of the fifty-two subjects were used in our previous DTI study (Whitford et al., 2010) . Demographic and clinical data are presented in Table 1 . This study was approved by the local IRB at both the VA and Brigham and Women's Hospital. Written informed consent was obtained from all subjects prior to study participation.
MRI Protocol
All subjects were scanned on a 3T GE Echospeed system, using an echo planar imaging DTI sequence. A double echo sequence with an 8 Channel coil was used to reduce eddy-current and EPI spatial related distortions. 51 non-colinear diffusion directions (B=900) and 9 baseline scans (B=0) were acquired with the following scan parameters: TR 17000ms, TE 78ms, FOV 24cm, 144×144 encoding steps, 1.7mm slice thickness. 85 axial slices spanning the entire brain were collected for each subject.
Tractography of Middle Longitudinal Fascicle and Reliability
After reconstruction, diffusion-weighted images were transferred to a LINUX workstation, on which Fractional Anisotropy (FA) maps of the diffusion tensor were calculated. In addition, Radial and Axial Diffusivity (believed to be putative measures of myelin and axonal integrity respectively (Song et al., 2003; Song et al., 2002) ) were also calculated. Measurements of the MdLF were performed using 3D-slicer (v2.7, www.slicer.org) and diffusion tensor tractography. To extract subcomponent of the MdLF connecting between STG and temporal pole with AG, streamline tractography and a multiple regions of interest (ROI) method was applied (Fitzsimmons et al., 2009) , following the description in . Four ROIs that included gray and white matter of the STG, and one ROI that included gray and white matter of the AG (inferior parietal lobule) were drawn on the FA map. For the STG ROIs, we first identified a coronal slice that unambiguously depicted the temporal stem on the FA map (slice1 in Figure 1 -A and B). The first ROI was then drawn on a coronal slice four slices posterior from the temporal stem (slice2 in Figure 1 -A and B). The other three ROIs were posterior to the first ROI, every fourth coronal slice (slice3-5 in Figure1-A and B). For the AG ROI, we referred to the 3D view of FreeSurfer (http:// surfer.nmr.mgh.harvard.edu/) parcellation, which had been previously registered to the native DTI space. We then chose a coronal slice, in which the most anterior part of ascending posterior segment of superior temporal sulcus appeared, and manually drew the gray and white matter of the AG (slice6 in Figure1-A and B). Tracts were seeded in the STG ROIs, and streamline tractography was performed. Only those fibers that passed through the ROI in AG were included in the analysis (Figure1-C and D). Tract seeds were placed randomly at 1×1×1 mm grid, and anisotropy threshold was set as 0.15. Finally, the FA, Radial ((λ2+λ3)/2) and Axial (λ1) Diffusivity were calculated at every voxel in the extracted fibers of the MdLF, and averaged along each tract for each subject.
All manual processes were conducted by the first author (TA) who was blind to subject group. To assess interrater reliability, two raters blind to diagnosis evaluated mean FAs of MdLF from seven randomly selected cases (TA and YS). Intraclass correlation coefficients (Cronbach's alpha) achieved .979 for the left and .967 for the right MdLF.
Statistical Analysis
The statistical analysis was performed using SPSS version18 (www.spss.com). To determine group differences in each DTI measure (mean FA, Radial, and Axial Diffusivity), a repeated-measures analysis of variance (ANOVA) was employed for each DTI measure separately with group as a between-subjects factor and side as a within-subjects factor.
To verify our hypotheses regarding structural-symptomatic relationships in patients with schizophrenia, we first investigated the association between DTI measures of the MdLF in the left hemisphere and the Disorganized thoughts factor (sum of P2, N5, N7, G5, G10, G11, and G15) derived from a PANSS five-factor model (Emsley et al., 2007; Emsley et al., 2003) , Delusions (P1), and Hallucinatory behavior (P3). Secondly, we evaluated the relationship between integrity of the MdLF in the right hemisphere and Poor Attention (G11). Spearman's correlation analysis was used and significant levels were set P <.05 because of the hypothesis driven correlation analyses. In addition, relationships between FA of the MdLF and age and duration of illness were evaluated.
Results
Group differences in DTI measures of Middle Longitudinal Fascicle
The repeated measures ANOVA revealed significant group effects in the FA of the MdLF (F (1,49)=6.886, p=.012). Although there was no side-by-group interaction (F (1,49)=.108, p=. 744), we decided to conduct post-hoc two sample t-tests for each side separately to investigate any differences within hemispheres. The t-tests showed significant mean FA reductions in both left and right MdLFs in patients with schizophrenia compared with HC (mean FA±SD, left; schizophrenia: 0.41±0.02, HC: 0.43±0.03, t=2.36, p=.022, right: schizophrenia: 0.42±0.02, HC: 0.43±0.03, t=2.10, p=.041) (Figure 2 ). The repeated measures ANOVA for Radial Diffusivity also showed significant group effects (F (1,49)=4.452, p=.040) and no side-by-group interaction (F (1,49)=.469, p=.497). Post-hoc ttests revealed significant increase of Radial Diffusivity for the right MdLF, and trend level increase for the left MdLF in patients with schizophrenia compared with HC (mean Radial Diffusivity±SD, left; schizophrenia: 0.69±0.03, HC: 0.67±0.04, t=1.79, p=.080, right: schizophrenia: 0.68±0.03, HC: 0.66±0.04, t=2.16, p=.036) (Figure 2 ). There were no group effects (F (1,49)=.049, p=.825) or side-by-group interaction (F (1,49)=.746, p=.392) for Axial Diffusivity.
Correlation Analysis
Patients with schizophrenia showed a strong negative correlation between FA of left MdLF and the Disorganized thoughts factor (rho=-0.51, p=.007), and also showed a trend for positive association with the Delusions (rho=0.36, p=.074) (Figure 3 ), but no association with the Hallucinatory behavior (rho=0.10, p=.635). On the other hand, FA of right MdLF showed a significant negative relationship with the Poor Attention (rho=-0.40, p=.042) (Figure 3 ). To evaluate side effects, we conducted additional correlation analyses and confirmed no significant relationships between FA of right MdLF and the Disorganized thoughts factor (rho=−0.28, p=.171) or the Delusions (rho=0.18, p=.372), and between FA of left MdLF and the Poor Attention (rho=−0.33, p=.106). Medication dosage showed no association with FA for either the left or the right MdLF (left: rho=−0.17, p=.402, right: rho=−0.32, p=.125). FA of the MdLF in both hemispheres showed no significant associations with age in either the patient or control groups (schizophrenia, left: rho=−0.12, p=.571, right: rho=−0.27, p=.189; control subjects, left: rho=−0.18, p=.393, right: rho= −0.08, p=.690). FA of the MdLF also had no significant relationship with the duration of illness in the patient group (left: rho=−.04, p=.841, right: rho=−0.27, p=.182).
Discussion
The current DTI-tractography study provides new evidence that patients with chronic schizophrenia exhibit significant DTI abnormalities in the language-related subcomponent of the MdLF compared to the HC, and that these abnormalities are associated with patients' clinical symptoms. To the best of our knowledge, this is the first study which has investigated the MdLF in schizophrenia.
The group comparisons of the DTI measures in this study revealed that the patients with schizophrenia showed significant FA reductions in the bilateral MdLF, trend-level (left MdLF) and significant (right MdLF) increases in Radial Diffusivity, and no changes in Axial Diffusivity compared to the matched HC. Previous animal studies have indicated that our findings may reflect myelin abnormalities (myelin loss, degeneration, demyelination) rather than damages of axonal membrane (Song et al., 2003; Song et al., 2002; Song et al., 2005) . A recent DTI study from our laboratory has also demonstrated findings of a similar nature in the anterior part of the corpus callosum in patients with chronic schizophrenia compared to HC (Whitford et al., 2010 ).
In our hypothesis-driven correlation analyses, the structural (myelin) abnormalities in the MdLF were demonstrated to have association with clinical symptoms.
Firstly, our analysis demonstrated the strong negative correlation between FA of the left MdLF and the Disorganized thoughts factor. The Disorganized thoughts factor from the PANSS five factor model has been thought to reflect general thought/cognitive dysfunctions rather than specific thought disorders, because this factor includes subscales related to both positive and negative dimensions of abnormal thinking (Emsley et al., 2003) . Disorganized symptoms are among the most characteristic symptoms of schizophrenia (Bleuler, 1911; Hardy-Bayle et al., 2003) , and are generally thought to include thought and speech disorders, confusion, loose associations, disorientation, and problems with memory (HardyBayle et al., 2003) . Considering that the left MdLF can be involved in such language-related processes, comprehension, and auditory verbal memory (Kircher et al., 2007; Wilson et al., 2008) , it is notable that the left -and not the right -MdLF was correlated with patients' disorganization scores. A recent resection study has reported that the left anterior part of the MdLF was not essential for language (De Witt Hamer et al., 2010) . Since, however, Wernicke's and Geschwind's territories are connected by posterior part of the MdLF, the structural deficits in the left MdLF can still contribute to language dysfunction such as disorganization. Our findings are consistent with previous studies reporting associations between disorganization scores and glucose metabolism or cerebral blood flow in the left posterior temporal regions (Kaplan et al., 1993; Liddle et al., 1992) and inferior parietal regions (Kaplan et al., 1993) . It is unlikely, however, that disorganization symptoms are exclusively caused by deficits in the left MdLF; as previous neuroimaging studies have reported (Goghari et al., 2010; Lahti et al., 2006 ) that frontal regions, including Broca's area, may also play an important role in the pathology of disorganization observed in schizophrenia.
Secondly, we confirmed that the FA of the left MdLF showed a trend-level positive association with Delusions. Delusions are thought to be a likely result of abnormal reinforcement learning, and/or an imbalance between new evidence and prior beliefs (Corlett et al., 2007; Stephan et al., 2009 ). Functions of the left STG and AG include comprehension of speech and verbal memory (Wible et al., 2009b; Wilson et al., 2008) . Structural disturbances in the left MdLF could therefore provoke abnormal learning and memories, which might result in delusions.
In terms of the right hemisphere, as we hypothesized, patients with schizophrenia demonstrated a negative relationship between FA of the right MdLF and Poor Attention, which evaluated 'failure in focused alertness' (Kay et al., 1987) . In humans, it is thought that alertness is subserved mostly by structures in the right hemisphere (Sturm and Willmes, 2001) . Indeed, a previous study from our laboratory has reported such a relationship. Here, the lower alertness scores were associated with the smaller volumes of the cingulum bundle in the right hemisphere in patients with chronic schizophrenia (Nestor et al., 2007) . Thus, it is of particular note that this study demonstrates an association between attention deficits and structural abnormalities in the right MdLF in patients with schizophrenia.
While the mechanisms underlying the observed DTI-symptomatic relationships are unclear, one of the possible explanations put forward by our group is based on the delayed action potential and asynchronies in certain neural networks in patients with schizophrenia (see (Whitford et al., 2010) ). Another, alternative model recently suggested for such anatomyfunction associations, is based on 'activity-dependent neural plasticity'. More specifically, some DTI studies for HC have demonstrated that FA increased longitudinally after training (Takeuchi et al., 2010) , and that the trained brains showed higher FA compared to non-trained brains (Bengtsson et al., 2005) . These investigators have also reported that the degree of increase in FA was positively related to longer durations of training (Bengtsson et al., 2005; Fields, 2005) . These findings suggest that brain activities can change FAs. Indeed, a previous animal study has shown some pathological evidence for this brain activity-FA relationship that specific frequencies of action potential firing affected myelination (Stevens et al., 1998) . Based on these findings, it may be possible that frequent action potential firings introduce neural plasticity (involving myelination) and thus, FA increases may then appear in the white matter.
In schizophrenia, previous functional neuroimaging studies have demonstrated positive associations between abnormal hyperactivation in gray matter and positive symptoms (Shergill et al., 2000; Wible et al., 2009a) . Thus, abnormal hyperactivation, in other words, the frequent firings of action potential in gray matter regions, may introduce FA increases in the white matter connecting those gray matter regions. This may appear as positive associations between FA and positive symptoms (e.g., delusions). In terms of cognitive dysfunction and negative symptoms, these have been thought to be associated with hypoactivities in certain brain regions (Buchsbaum and Hazlett, 1998; Gur and Gur, 1995) . Therefore, a lower frequency of action potential firing may result in decreased FA in white matter connecting these gray matter regions. This may appear as a negative association between FA and cognitive dysfunction including disorganized symptoms, and negative symptoms.
A previous postmortem study has provided some evidence for this model, where it was reported that patients with schizophrenia showed a less clustered arrangement of oligodendrocytes in the frontal lobe precisely where previous functional imaging studies demonstrated hypofrontalities (Buchsbaum and Hazlett, 1998; Gur and Gur, 1995) . The less clustered arrangement of oligodendrocytes may reflect abnormal neural plasticity in schizophrenia.
We believe that those two models are not exclusive, and might be used in concert to understand and to describe better interactions between anatomy and function. Finally, while symptoms (brain activities) may affect neural plasticity and FA, white matter integrity and FA are also influenced by genetic effects in schizophrenia (Tkachev et al., 2003) , which should be taken into account in future modeling studies.
Limitations. Firstly, tracing of the MdLF in this study was limited to the connection between STG and temporal pole with AG given that, we focused on language-related functions of this fiber bundle. Studies investigating other connections within MdLF will be necessary to uncover more completely the role of this fiber pathway in schizophrenia. Secondly, results of the correlation analysis between FA of the left MdLF and Delusions were significant only at the trend-level. A study with larger sample would be needed to establish this association. Thirdly, all patients were in the chronic stage of illness, and almost all received medication at the time of scan. Studies with medication-naïve patients, such as the DTI study of (Mandl et al., 2012) are needed. Fourthly, FA of the MdLF showed no association with age or duration of illness. Few previous DTI studies have reported linear association between age and FA in several white matter regions (Giorgio et al., 2010) . Other studies, however, have suggested that the relationship between FA and age might be non-linear (Lebel and Beaulieu, 2011; Lebel et al., 2010) . Larger number of subjects with wider range of age and duration of illness would thus be needed to evaluate those effects. Finally, MdLF should also be investigated in patients with first-episode schizophrenia to uncover when structural abnormalities occur and how these abnormalities contribute to the pathology of schizophrenia.
In conclusion, the current DTI-tractography study provides new evidence that the MdLF plays an important role in the pathology of chronic schizophrenia. FA reductions with increases in Radial Diffusivity and no changes in Axial Diffusivity suggest that myelin abnormalities may contribute significantly to these abnormalities. In addition, the left MdLF demonstrates the relationship with disorganized thoughts, and at the trend-level correlations with delusions, and the right MdLF shows association with poor attention. Language and thought dysfunction have been thought to be associated with abnormalities in perisylvian cortices. It is necessary to consider MdLF, as well as arcuate fascicule, to achieve a more comprehensive understanding of thought dysfunction in patients with chronic schizophrenia. Results of group comparisons in Fractional Anisotropy and Radial Diffusivity. Abbreviations: SZ, schizophrenia; HC, healthy control. * P < .05.
Figure3.
Scatter grams for fractional anisotropy (FA) of middle longitudinal fascicle (MdLF) and clinical symptoms in the patients with chronic schizophrenia. 
